Chemistry and electrochemistry in lithium-based microbatteries. Recent concept and cell design towards different applications. Future perspectives of microbattery development. a r t i c l e i n f o 
1. Introduction
Overview of lithium and lithium ion batteries and need for micro-sized batteries
High energy lithium and lithium ion batteries are playing a key role in the advent of the information age and will continue to expand their applications in many different aspects in the foreseeable future [1] . Batteries based on lithium chemistry are categorized in two groups, primary batteries and secondary (rechargeable) batteries. For primary batteries, metallic lithium is directly adopted as the anode whereas a variety of cathode materials have been used including manganese dioxide [2] , carbon fluoride (CF x ) [3] , and silver vanadium oxide (SVO) [4] . A typical secondary lithium battery, or so called lithium-ion battery employs intercalation compound such as graphite as the anode. Cathode side also uses intercalation materials such as lithium cobalt dioxide (LiCoO 2 ), while Li þ ions transport back and forth between cathode and anode during operating [5] . The most commonly used electrolyte is LiPF 6 dissolved in EC/DMC [6, 7] . Depending on the specific application, the solutes and solvents can be tuned to meet energy/ power ratio and operation temperature requirements. Compared to other battery chemistries, lithium chemistry provides much higher power and energy densities in both gravimetric and volumetric terms [8] , which are the most important parameters for applications in portable electronics such as smart phones, digital cameras and laptops. In addition, many lithium batteries have lower self-discharge rates and hence longer shelf lives. There has been a strong drive for vehicle electrification by using lithium ion battery technologies (LIBs) and several models of commercial PHEVs and EVs have hit the markets. In recent years, with the continuous cost reduction, lithium ion batteries become highly competitive to the aqueous redox flow batteries for large-scale (grid) energy storage applications.
The most common commercial LIBs used in the aforementioned applications are in the forms of cylindrical cells, pouch cells or coin cells. These batteries are generally bulk in size. For instance, the 18650 cylindrical cell is 65.2 mm long and 18.6 mm in diameter. The smallest coin cell (ML421) is about 5 mm in diameter. A much less discussed area of lithium-based batteries is microbatteries. The rapid development of electronic and information technology towards the directions of multifunctionality, high integration and high power drives the electronic devices towards miniaturization [9] . Lithium microbatteries are the ideal energy storage devices for biological/medical devices (pacemaker, hearing aid, defibrillator, in vivo imaging, etc.) [10] and self-powered microelectronics (miniature transmitters, sensors, actuators, etc.) [11] . These devices are sometimes on the millimeter scale or less (Fig. 1) . Unfortunately, commercial coin cells are still routinely used in these applications due to the lack of commercial cells of smaller sizes so the reduction in size and the improvement in the capability of microsystems are presently limited by the size, capacity and power of their on-board power supplies. To bridge the gap, scientists at Pacific Northwest National Laboratory (PNNL) recently developed micro-sized lithium primary batteries with high energy density for Juvenile salmon acoustic telemetry system (JSATS) [12] . Panasonic commercialized industry's smallest pin-type batteries (bottomright figure in Fig. 1 ) with similar design in 2014 for targeted applications in wearable devices, electronic pens and medical devices [13] . These batteries combine small sizes and high specific capacity (Table 1) and hence are positive signs of progress in the microbattery field to meet short-term goals. The long-term goal of microbattery research will likely be defined by the fast growth of microelectromechanical systems (MEMS) technology that demands for even higher power, higher energy on a smaller scale [14] . Similar to bulk-size batteries, lithium microbatteries can be either primary or secondary. As the microbatteries in most applications are difficult to service (for instance, replace), the rechargeability can effectively increase the service life of a battery. Ultimately, service-free, continuously-powered devices may be realized through a combination of micro energy harvesting systems and rechargeable microbatteries.
Traditional batteries for micro-applications
Bulk-size lithium ion batteries normally consist of composite electrodes and liquid electrolytes. As the size of the battery shrinks, the fabrication process for composite electrodes and the use of liquid electrolyte become increasingly incompatible with the required microfabrication process. The parasitic weight in the downsized batteries also increases at the same time. As a result, microbatteries differ greatly from bulk-size LIBs in their architecture design and material choices. Since the composite electrode design works well with a wide range of electrode materials, the research focus of bulk-size batteries is on materials development, i.e. optimizing the electrochemical couples, improving the stability of electrolytes and developing new lithium chemistry (lithium sulfur, Si anode, etc.) [8, 15, 16] . For microbattery research, the focus is more on innovative fabrication procedures and novel architectures of electrodes or full cells [17e19] .
Thin-film batteries adopting two-dimensional (2D) planar design are the most popular traditional batteries for microapplications. An individual cell consists of thin, dense layers of battery components fabricated by various deposition methods (Fig. 2a) . The operating principle of thin-film batteries is similar to bulk-size batteries with composite electrodes, except that the diffusion paths are much shorter. Since only active (electrode) materials are used in the electrode layers (in contrast to composite electrodes in bulk-size cells), the electronic and ionic conduction within the electrodes are entirely dependent upon the intrinsic properties of electrode materials. As a result, the thicknesses of electrodes are limited to a few microns to avoid loss of power and poor electrode utilization. For the electrolyte layer, solid-state inorganic glassy or crystalline materials are typically used because of the dimensional stability and design flexibility. Batteries utilizing gel-polymer electrolytes are much thicker and therefore should be categorized as 'thick-film systems'. The inorganic electrolytes typically have much lower ionic conductivities than liquid electrolytes. This problem is partially mitigated by fabricating a very thin electrolyte layer (a few microns) to avoid large internal resistance. The overall thickness of the active layers (electrodes and electrolyte) generally does not exceed 20 mm, although the overall cell will be much thicker due to the need for robust packaging.
As the intrinsic transport properties of electrode materials limit the effective energy and power densities of thin-film batteries, cathode materials with both high electronic and ionic conductivities are highly desirable. LiCoO 2 is the most commonly used cathode material for thin-film batteries (see more discussion in Section 2.2.). The most commonly used anode is Li metal, although Li-ion or Li-free anodes may be used to accommodate hightemperature processes required by solder reflow conditions [20] . For the electrolyte layer, several inorganic lithium ion conductors of a wide range of chemical compositions and crystal structures such as Li 4 SiO 4 derivatives [21] , NASICON [22] , LISICON [23] , perovskitetype LLTO [24] , lithium phosphorus oxynitride (Lipon) [25, 26] , have been under investigation. Lipon developed by Oak Ridge National Laboratory delivered the best overall performance. Although Lipon has a fairly low ionic conductivity, it has a very high electronic resistivity so a pinhole-free barrier can be made as thin as several microns. More importantly, Lipon has excellent electrochemical stabilities ensuring its stable operation with metallic lithium, even at elevated temperatures. Deposition methods for the thin film fabrication include chemical vapor deposition, RF magnetron sputtering, pulsed layer deposition, solegel, etc.
Due to the stability of solid-state electrolyte and uniform current and charge distribution, thin-film batteries have much better rechargeability than liquid-electrolyte-based lithium ion batteries [27] . In addition, thin-film batteries are much more resistant to degradation at high temperatures and operation at temperatures as high as 150 C has been demonstrated [28] . The all-solid-state design is also compatible with the fabrication processes of many devices thin-film batteries are integrated with, such as integrated circuits and solar panels. These favorable traits led to the successful commercialization of thin-film batteries with targeted application in radio-frequency identification (RFIDs), medical patches, smartcards, wireless sensors, etc. The major brands of thin-film batteries include Thinergy, EnerChip, Flexion. Thinergy batteries adopt the LiCoO 2 /Lipon design whereas EnerChip batteries are built on silicon substrate designed to be directly placed on integrated circuits. Flexion batteries use polymer electrolyte and hence are flexible.
Despite the many advantages and commercial success of thinfilm batteries, they have a fatal shortcoming preventing them from meeting the increasing energy and power needs of the fastgrowing electronic sectors, especially the demand of MEMS. It is important to recognize that for small electronics and MEMS devices, the usable area is limited so traditional measures of batteries, namely volumetric energy and power densities are less relevant. Instead, the real issue is how much energy and power a device can deliver per areal footprint, measured in terms of mAh cm 
3D microbatteries and flexible microbatteries
Many different 3D battery concepts have been proposed in order to enhance the areal energy and power densities. Several examples of reported high-performance 3D microbatteries are listed in Table 1 . They have comparable energy densities to conventional bulk-size batteries. The application of 3D geometry enlarges the electrode surface area per areal footprint therefore increasing the allowed current and amount of materials deposited. Locally, 3D batteries have similar geometry as thin-film batteries, i.e., thin layers of cathode, electrolyte, anode and current collectors. This is because the current density is material-limited and a short diffusion length needs to be maintained. The task of 3D design is to fold the basic layered 3D structure onto a 2D footprint while maintaining the short ionic and electronic current paths.
One approach of enlarging the electrode surface is nanostructuring or micro-fabricating 3D current collectors (may also act as substrates) with high aspect ratios followed by deposition of battery layers. Template synthesis is the most common method for forming 3D structures [37e40]. For example, by filling the pores of a porous membrane mask with current collector materials on a substrate and subsequently removing the membrane, arrays of micro-rods or micro-columns can be formed (Fig. 2b ) and the diameter of the columns and the distance between the columns can be controlled by tuning the pore structures of the membranes. The pore-filling may be realized by solegel methods or electrochemical deposition. Instead of depositing current collectors, arrays of microrods of electrode materials can be deposited, but the electronic transport along the length of the rods becomes problematic. In an alternative method, instead of forming the 3D structure on (above) the substrates, micro-channels may be formed inside substrates by selective etching [41] . Both methods effectively enlarge surface area of the current collectors and hence active surface area of electrodes after the electrode materials are deposited. Besides porous membranes, polystyrene particles have been used to self-assemble into a 3D template [36, 42] . Pores are infiltrated to form a 3D current collector scaffold. Obviously, using template synthesis, 3D structures of only one electrode can be fabricated. To construct a full cell, further deposition of the electrolyte, the opposite electrode and current collector is needed, or the half-cell is used against a planar 2D electrode in a liquid-electrolyte-filled cell.
The aforementioned methods effectively reduce transport lengths within the individual electrodes. In order to shorten transport paths of Li ions between two electrodes, interdigitated electrode designs have been proposed [43e45] . In this configuration, arrays of opposite electrodes are in close proximity to one another throughout the whole out-of-plane dimension (Fig. 2c) . Fabrication of interdigitated electrodes requires patterning the photoresist using photolithography. It is also possible to adopt 3D printing techniques to form the pattern [34, 46] . Microbatteries with this configuration consistently show much higher areal capacity than batteries with 2D electrodes. However, one problem is that the electrodes are generally mechanically fragile and breaking may lead to internal shorting. Also, charge distribution may be nonuniform [17] .
Other proposed 3D architectures include aperiodic sponge-like electrodes [47] . They are generally produced by solegel method under supercritical conditions. This kind of solid framework has extremely large open space. However, infiltration and uniform deposition of other battery components can be challenging. Whatever the architecture is, the design principle of 3D microbatteries is the same: to enlarge active surface area without increasing electron and ion transport lengths. It is noteworthy that when liquid electrolytes are used, issues in conventional bulk-size batteries are also present especially in secondary microbatteries. For instance, large surface area in 3D microbatteries results in increased consumption of electrode materials by SEI formation, which limits the power density and rechargeability. Chemistries in microbatteries are often similar to bulk-size batteries so approaches to minimize adverse effects of SEI in bulk-size batteries such as electrolytes screening and incorporation of additives can be borrowed.
Recently, there has been a surge of interest in making lithium ion batteries mechanically flexible to keep pace with the development of flexible electronic components (OLED, memories, sensors, etc.) and to meet the demand of roll-up displays, wearable electronics, medical transplant devices, etc. Conventional LIBs are rigid mostly due to the rigidity of the packaging materials as liquid electrolytes pose stringent sealing requirements. Traditional solidstate thin-film batteries are brittle mainly due to the use of ceramic or metal substrates. However, it should be noted that the battery layers can accommodate certain degree of mechanical stress when they are thin. The realization of flexibility in recent research efforts mainly relies on the improvement of two aspects: material-derived flexibility and device-design-derived flexibility. In the former category, the use of flexible free-standing electrodes [48, 49] , polymer electrolytes [50, 51] , current collectors (graphene paper [52, 53] , conducting polymer), substrates [54] and packaging materials (PDMS) improves the flexibility of the battery layers. In the latter category, extra flexibility of full devices is gained by smart design of battery component layouts [55, 56] . To understand this concept, one only needs to consider the example of flexibility in a spring which can be made of fairly rigid materials like hard plastics or metals.
Although size reduction and flexibility of batteries are two completely different concepts, the design ideas are, in many cases, compatible and overlapping. For instance, adoption of solid-state polymer electrolytes and nanostructured materials are viable approaches in both designs. In addition, a greater degree of design flexibility and novel architectures hold the key to success in both cases.
While the focus is on battery architecture, successful design of microbatteries also requires a good understanding of the properties, issues and fabrication methods of electrode and electrolyte materials because the appropriate choice of materials will depend very much on the targeted applications (power and energy requirements, safety consideration, cost, etc.). Therefore, this article will focus on the material choices and design concepts of highperformance microbatteries, and touch base on recent development of thin-film battery and flexible battery design. Various aspects of 3D batteries have been thoroughly reviewed previously [17e19] so we will only present the most recent progress through specific examples in this review. [65] in 1975 is the most common and commercially successful cathode material, widely used in batteries of portable consumer products since the 1980s [66] . The Manganese dioxides are inexpensive and non-toxic with high specific energy densities (around 200 mAh g À1 ). Li/MnO 2 batteries offer a high nominal voltage of 3 V with slow self-discharge and operate over a wide temperature range [67, 68] .
Materials
Among several polymorphs of MnO 2 , the g-MnO 2 is the most electrochemically active form which consists of domains of pyrolusite (b-MnO 2 ) and ramsdellite [2, 69] . It can be prepared chemically [70] or electrolytically [68, 71] . Ikeda et al. showed that dehydration of electrolytic manganese dioxide through heat treatment (>300 C) improved the discharge characteristics [67, 68] . The proposed discharge mechanism below for reduction of Mn 4þ to 
Lithium manganese batteries are used mostly in low or medium power applications. The poor high-rate discharge ability of the Li/ MnO 2 battery hinders its application in areas where higher power outputs are needed [77] . It has been demonstrated that the use of nanostructured MnO 2 can improve the high-rate discharge performance of Li/MnO 2 batteries [78, 79] . Nanostructured MnO 2 is of particular interest in electrochemical capacitors and a large volume of literature can be found on this subject [80e83]. Surface coatings have also been applied to improve the electrochemical properties of MnO 2 [84, 85] .
As EMD can be readily deposited galvanostatically to form conformal films, they have been applied in various microbatteries with 3D architecture [36,86e88] . Typically, a substrate or scaffold is immersed in a Mn 2þ solution and MnO 2 is deposited Faradaically according to the reaction
The thickness and conformality of the film can be controlled by the deposition conditions. Microbatteries with a vertical array of MnO 2 nanowires as the cathode showed a high capacity and good rate capability [87] . The microbattery with three-dimensional bicontinuous interdigitated microelectrodes designed by Pikul et 
Li/CF x batteries are used mainly in low power application such as implantable medical devices due to the slow kinetics at the CF x cathode [89e91]. Two main contributors to the slow kinetics are poor electronic conductivity of CF x [92] and large activation energy associated with breaking the CeF bonds, both as a result of the strong covalent nature of CeF bonds. In addition, the reaction product LiF further blocks the electronic conduction [91, 93] , deteriorating the discharge performance. Consequently, Li/CF x batteries suffer from low power density, decreased practical energy density, initial voltage delay, poor low temperature performance and heat generation [66] . CF x is typically synthesized through fluorination of various carbon materials, most commonly graphite, 1) at high temperatures in the present of F 2 gas [94e96] or 2) at ambient temperature catalyzed by hydrogen fluoride or metal fluoride [97e100]. Both methods are capable of tuning the C/F ratio by changing the reaction temperature, the fluorine gas partial pressure or catalysts. Over-fluorination (x > 1) leads to the formation of inactive CF 2 group [101, 102] . While the CF (carbon monofluoride) is insulating, it is known that the CeF bond becomes more ionic as x decreases, leading to faster reaction kinetics [89,103e105] . This is accompanied by a decrease of discharge capacity as fluorine is the active element. Therefore, a tradeoff exists between rate capability and energy density. The energy and power densities of the Li/CF x battery are tunable by adjusting the C/F ratio.
Currently, the research on the Li/CF x system mainly focuses on two directions:
(1) Optimizing/developing the fluorination process.
Thermal treatment of high-temperature CF x increases the quantity of sub-fluorinated carbon and improves rate capability [91, 106] . The CeF bonds of CF x materials prepared by the roomtemperature catalytic approach have more ionic character than compounds using the high-temperature approach, leading to cells with higher voltage and better kinetics [97, 99, 103] . The less invasive low-temperature process also helps preserve the pore structures of various carbon materials [107] . However, residual catalysts may be present causing aging issues and need to be removed by thermal treatment [103, 108] . Besides graphite, many different types of novel carbon materials had been employed for fluorination such as carbon nanotubes [109] , carbon nanofibers [110] , fullerene [111e113], mesoporous carbon [107] , graphene [114] , etc. These carbon materials generally possess high surface area and good intrinsic electrical conductivity which have been proven to be beneficial to the electrochemical performance of Li/CF x cells. In particular, a series of fluorinated graphene with different fluorination levels (CF x , x ¼ 0.47, 0.66, 0.89) have been synthesized via controlling fluorination temperature and time [114] . Low rate (C/10) performance of different fluorinated graphene materials (Fig. 3a) indicated that the operational voltage increases with lower fluorine content in CF x while the capacity decreases slightly. This correlation with fluorination level is consistent with fluorinated graphite although the performance is far superior [115] . CF 0.47 exhibited a promising capacity of 356 mAh g À1 at a high rate of 5C (Fig. 3b) . These studies opened up possibilities for the application of carbon fluoride materials in high-power energy storage devices.
Silver vanadium oxide
Silver vanadium oxides encompass a variety of phases containing Ag, V and O with different stoichiometries (AgVO 3 , Ag x V 2 O 5 , Ag x V 4 O 11 [116e118], etc.) and electrochemical characteristics, thanks to the rich chemistry of the Ag 2 OeV 2 O 5 system [119] . The multiple oxidation states of Ag and V also ensure good electron transfer properties of these compounds. Ag 2 V 4 O 11 is the most studied and commercially successful compound, widely used in implantable cardiac defibrillators (ICDs) [10, 120, 121] . The choice of Ag 2 V 4 O 11 has been discussed by Takeuchi et al. [4] An ICD requires its power source to supply a low current over a long period of time and a strong current pulse when needed. Ag 2 V 4 O 11 , possessing a relatively high theoretical capacity of 315 mAh g À1 [122] , high-rate capability [4] and low self-discharge rate [123] , is the ideal cathode material for this need. In addition, the multi-step discharge profile of [124] . The surface morphology and hence the electrochemical properties were found to be dependent on the synthesis temperatures [125] . Ag 2 V 4 O 11 has a layered structure consisting of V 4 O 11 slabs with silver ion between the layers [126, 127] . The discharge characteristic of the Ag 2 V 4 O 11 cathode has been extensively studied. A maximum of 7 lithium ions can be intercalated through multiphase reactions:
The voltage profile of silver vanadium oxide (SVO) exhibits a multi-plateau curve from 3.3 V down to 2.0 V V 5þ and Ag þ are first reduced simultaneously to V 4þ and Ag metal which is followed by a partial reduction of V 4þ to V 3þ [122,128e130] . The formation of Ag phase further enhances the electronic conductivity by 5 orders of magnitude [131] . The diffusion coefficient of Li has been determined to be on the order of 10 À10 to 10 À9 cm 2 s À1 depending on the DOD which is the limiting factor at high rate [129] . Attempts of utilizing SVO as rechargeable cathode materials face challenges of capacity retention as Ag is difficult to be reinserted [132, 133] . Recent research on SVO focuses on improvement of material properties through novel synthesis routes. Specifically, roomtemperature precipitation method [134] , electrospinning and hydrothermal method [135] , microwave synthesis [136] molten salt synthesis [137] , solegel assisted by ultrasonic radiation [138] , and rheological phase method [139] have been attempted. Some methods resulted in materials with nanostructures possessing higher specific capacity at a faster rate than conventional solid state synthesis. Furthermore, the rechargeability was improved greatly indicating enhancement of reversibility of Ag reduction. For instance, b-Ag 0.33 V 2 O 5 prepared by electrospinning technique followed by a hydrothermal process showed high capacity retention of 180 mAh g À1 after 30 cycles [135] . A hybrid system has become popular for high-rate applications where a dual cathode (separate sheet of CF x and Ag 2 V 4 O 11 ) was used [140] . This system has 21% more capacity than pure SVO cells while maintaining the power capability. Fig. 4 shows that the hybrid system has discharge voltage characteristics of both SVO and CF cathodes so it also provides much better end-of-service indication due to its flat plateau of voltage as the cathode is depleted [140, 141] . Note that a key to this design is the rechargeability of the SVO cathode which allows the recharge of the SVO cathode by the CF x cathode after a strong current pulse. Lithium Cobalt Oxide has been demonstrated as a mature, industry-standard battery material that provides long cycle life and very high energy density [15, 142] . LiCoO 2 adopts two different structures depending on the synthesis condition [143] . The cubic spinel-type LiCoO 2 [144] , also known as the low temperature LiCoO 2 (LT-LiCoO 2 ), has relatively poor cyclability and low operating voltage [145] as compared to the hexagonal layered structure LiCoO 2 (HT-LiCoO 2 ) [146] , which operates at around 3.9 V against pure Li metal [147] . Therefore, the HT-LiCoO 2 has been the preferable choice. It is generally accepted that LiCoO 2 should not be charged over 4.2 V (extracting more than 0.5 mol of Li) in order to maintain good reversibility as the hexagonal-to-monoclinic phase transition at x ¼ 0.5 (as in Li x CoO 2 ) is not as reversible, giving rise to a theoretical capacity of 137 mAh g À1 [148, 149] . Various modifications including surface coating [150, 151] and alternative electrolytes [152] have been proven effective in reducing the capacity fading when charged to 4.5 V. However, a highly-reversible capacity of over 180 mAh g À1 is unlikely. The voltage profile features a plateau at around 3.9 V vs. the Li/Li þ reference electrode indicating two-phase coexistence for 0.75 < x < 0.93 [149] . LiCoO 2 also possesses good rate capability due to its excellent electronic and ionic conductivities. Although LiCoO 2 behaves as an insulator, the electronic conductivity of Li x CoO2 increases quickly as Li is extracted, marking a metal-insulator transition [153, 154] . The Li diffusion coefficient of Li x CoO 2 ranges from 10 À11 to 10 À12 m 2 s À1 [155] . Both the electronic conductivity and ion diffusion are highly anisotropic so strong orientation effects have been observed for LiCoO 2 thin films [143, 156, 157] . LiCoO 2 remains a popular choice of cathode material for microbatteries due to the good understanding of its properties and relative ease of preparation. A number of preparation techniques have been applied to successfully prepare LiCoO 2 electrodes. Most notably, Bates et al. [158] at Oak Ridge National Laboratory developed all-solid-state thin-film batteries with radio frequency (RF) magnetron sputtered LiCoO 2 thin films as the cathode and Lipon as the electrolyte, which displayed a high utilization rate at high current density and extremely stable capacity. Only 0.001%e0.002% of the capacity was lost per cycle. The capacity faded quickly with increasing thickness of the thin film so the thickness was limited to 1 mm. LiCoO 2 thin films produced with pulsed laser deposition (PLD) have been studied by Striebel et al. [159] A near full utilization was achieved on the first cycle for the 0.2 mm thick film but high rate of capacity fading was observed which was attributed to the degradation of liquid electrolyte used. Recently, to investigate the applicability of garnet-type lithium ion conductors, an all-solidstate battery with LiCoO 2 thin-film electrode by PLD was constructed and shown to possess high initial capacity and good capacity retention [160] . Techniques such as chemical vapor deposition [161] and electroplating [162] can produce conformal films and are of potential use in 3D structured cathodes. Hydrothermal [163] and solegel [164] methods have also been attempted to prepare LiCoO 2 thin films. The aforementioned techniques are useful for producing thin films less than 10 mm. Kim et al. [165] demonstrated the usefulness of the laser printing technique in the preparation of porous LiCoO 2 thick films (up to 100 mm, see Fig. 5a ), which has a significantly higher discharge capacity (2360 mAh cm À2 ). In addition, laser structuring of deposited films improves the capacity retention (Fig. 5b) . Although the thin-film electrode is the standard geometry for microbatteries, Lai et al. [35] demonstrated that the monolithic LiCoO 2 pellet with 25% open porosity (Fig. 6a) obtained by solid-state sintering can achieve full utilization at C/10 rate and 80% of capacity at C/3 rate (Fig. 6b) . Compared to conventional composite electrodes, the denselysintered electrodes provided 4e10 times higher areal loading and energy densities normally achieved in batteries that are more than 100 times larger in volume. No apparent mechanical damage was observed upon cycling which was explained by the proposed damage-accommodation mechanism. Microbatteries using the thick LiCoO 2 can deliver energy densities of up to 675 Wh L À1 at a C/ 3 rate. The ultrahigh energy density can be attributed to efficient packing and the use of a single-layer electrode thus avoiding multiple layers of inactive components.
Spinel LiMn 2 O 4 system
As an alternative to LiCoO 2 , the spinel LiMn 2 O 4 system exhibits comparable specific capacity, high voltage and decent cycle life. In addition, the use of abundant element Mn with low toxicity presents a great advantage from the standpoint of volume production. The compound LiMn 2 O 4 possesses a cubic spinel structure with Li occupying the tetrahedral, 8a sites, and Mn occupying the octahedral, 16d sites. The interstitial sites for Li, 16c, share faces with the occupied sites, forming a continuous three-dimensional diffusion network defined by the Mn 2 O 4 framework. Thackery et al. [166, 167] have shown that Li can be reversibly inserted or extracted for the compositional range of 0 < x < 2.2 in Li x Mn 2 O 4 . Electrochemical and diffraction studies revealed three steps of the electrochemical reaction: 1) a coexistence of two cubic spinel phases with a constant open circuit voltage (OCV) of 4.1 V vs. Li/Li þ for x < 0.6; 2) a single phase reduction of cubic spinel with a sloping profile of OCV around 3.9 V for 0.6 < x < 1; 3) a coexistence of cubic and tetragonal phases with OCV at 2.95 V for 1 < x < 2 [58] . The cubic-tetragonal phase transition is driven by the Jahn-Teller distortion of MnO 6 octahedron as Mn 4þ is reduced to Mn 3þ , resulting in a 6.5% increase of the unit cell volume. Nevertheless, the spinel skeleton is not destroyed by the phase transition. The large separation of OCV between step 2 and step 3 may also be explained in terms of JahnTeller distortion. Cycling test showed that the capacity loss is greater when cycled over the entire voltage range of 2.0 Ve4.5 V rather than utilizing only the high voltage regions (3.5 Ve4.5 V), which was attributed to the poor structural integrity during cubictetragonal phase transition [168] . Thereafter, spinel LiMn 2 O 4 is primarily regarded as a 4 V system with theoretical capacity of 154 mAh g À1 . [59] . The substitution increased the average valence of Mn therefore suppressing the onset of Jahn-Teller effect. The rechargeability was indeed improved with substitution. However, this approach inevitably reduces the theoretical capacity so only a small quantity of substitution is desirable. It is found that the synthesis conditions strongly affect the electrochemical performance of LiMn 2 O 4 as cation mixing and nonstoichiometry are common for the spinel family and can be strongly dependent on the thermal history [169, 170] . Tarascon et al. showed that the capacity fading problem can be partially overcome by optimizing the synthesis conditions. Another problem with the spinel LiMn 2 O 4 system is the Mn dissolution. Specifically, the Mn 3þ undergoes a dismutation reaction catalyzed by acidic species to form Mn 4þ and soluble Mn 2þ .
Mn 2þ then reacts with the liquid electrolyte (PF 6 salt) to generate more acidic products [171] . This issue becomes non-existent with the use of solid-state electrolytes in thin-film batteries. Recent research focus has been directed to the use of nanostructured electrodes to improve the electrode utilization and capacity retention. Bruce's group [172] developed ordered mesoporous LieMneO spinel by a hard templating route. The thin walls of mesopores (7 nm) ensure fast kinetics and accommodate mechanical strain whereas micron-size particles ensure efficient packing and good contact. Overall, the mesoporous Li 1.12 Mn 1.88 O 4 exhibits superior gravimetric and volumetric energy density than bulk material, especially at a high rate. It also displays, counterintuitively, greater capacity retention at 50 C (Fig. 7a) despite having a much larger surface area. Mn dissolution tests revealed that the mesoporous spinel had the least Mn dissolution. Alternatively to the mesoporous spinel, Tang et al. [173] developed aqueous rechargeable batteries using LiMn 2 O 4 nanotubes as the cathode material. An impressive charging rate of 600C was achieved with 53.9% of capacity retention (Fig. 7b) . Factors contributing to excellent rate capability include the nanostructured cathode, preferred crystal orientation, high ionic conductivity of the aqueous electrolyte and absence of SEI. In addition, no capacity loss was observed after 1200 cycles which can be attributed to the reduced Mn dissolution in aqueous medium.
Most LiMn 2 O 4 microbatteries adopt the thin-film geometry. Thin films with various thicknesses and porosity have been prepared using electrostatic spray deposition (ESD) [174] , pulsed laser deposition (PLD) [159, 175] , solegel method [176] , reactive electron beam evaporation [177, 178] , RF magnetron sputtering [179e182], etc. Similar to the LiCoO 2 thin films, the most successful technique is the RF magnetron sputtering. Using this technique, Hwang et al. [181] prepared LiMn 2 O 4 thin films of 2000 Å thickness, which were tested in a LiMn 2 O 4 /1 M LiClO 4 in PC þ DME/Li cell. As the formation of crystalline spinel phase is crucial to rechargeability, the high-temperature annealing process is generally needed. The film annealed at 750 C showed the best rechargeability, i.e., only 2% of capacity loss after more than 1000 cycles at a current density of 200 mA cm À2 . Bates et al. did an extensive study of LiMn 2 O 4 /Lipon cells and showed that the cell can be cycled for many thousands of cycles [27] . Recently, crystalline LiMn 2 O 4 films were deposited at low temperatures (<300 C) on ITO/Pt/Al substrate, which may enable the fabrication of flexible LiMn 2 O 4 microbatteries using polymer substrates [179] .
Anode materials
Although no longer used in commercial bulk-size lithium ion batteries for safety reasons, Li metal is the most used anode material for lithium microbatteries, especially the primary systems. The Li anode has advantages of high energy and light weight, easy fabrication, etc. It can be deposited by thermal deposition [26] or simply attached. Since solid-state electrolytes are widely adopted in rechargeable thin-film microbatteries, the safety issues related to the use of Li metal become less of a concern. For 3D microbatteries, as the focus is mostly on the cathode side and the research is still in the proof-of-concept stage, Li metal provides an easy, reliable anode for cell testing.
For secondary microbatteries, other anode materials that are commonly used include group IVA elements (C, Si, Sn, etc.). LieSi alloy has extremely high theoretical capacity of 4000 mAh g À1 [183] , comparable to metallic Li. Si is also the pillar material of the electronic industry with mature processing technology so the use of silicon in batteries facilitates integration with other electronic devices. The greatest challenge to use Si as the anode is the extreme volume expansion by Li intercalation [184] . Fortunately, it has been proven that very thin layers of Si can accommodate mechanical strain during Li intercalation/extraction [185] so capacity fades can be partially circumvented by designing a nanostructured Si anode with large empty space for volume expansion or fabricating Si thin films [186e189].
Li 4 Ti 5 O 12 (LTO) is another important anode material due to its small volume expansion during cycling and hence excellent cycle life [190, 191] . Another factor that contributes to its stable cycling is the absence of SEI layers as the electrochemical process occurs at 1.5 V vs. Li/Li þ . Nevertheless, the reversible capacity of LTO is only about 160 mAh g À1 . Li 4 Ti 5 O 12 has been successfully deposited by solegel methods [192e194] , pulsed laser deposition [195] , sputtering techniques [196] , etc. It remains an excellent choice of anode materials when the primary concern is cycle life and stability instead of power and energy densities.
An important consideration in the design of microbatteries is the appropriate use of deposition method. The ability to conformally deposit anode materials will provide an extra degree of design flexibility. From this perspective, anode materials such as NieSn alloy or TiO 2 are favored for 3D microbatteries as they can be deposited onto topologically complex objects by electrodeposition or atomic layer deposition. The pure Sn anode has high initial capacity but suffers from large volume expansion, similar to the Si anode. Alloying with Ni buffers the volume variation thus improving cyclability. However, Ni is an inactive component reducing the capacity of the alloy so a trade-off exists between high capacity and good cyclability by varying Ni content [197] . Mukaibo showed that electrodeposited NieSn alloy with 62 at% of Sn has a high capacity of 650 mAh g À1 after 70 cycles and very good reversibility [198] . Electrodeposition of NieSn anode has been successfully applied in microbatteries with complex electrode design [56, 88] . TiO 2 is an important functional oxide for dyesensitized solar cell application. The energy storage capability of TiO 2 has also been thoroughly investigated [199] . Among various polymorphs, the rutile and anatase phases are thermodynamically the most stable. The rutile TiO 2 , first considered to be inactive [200] , was later proved to be able to reversibly insert Li in its nanocrystalline phase [201] . This is because the Li diffusion in the rutile phase is highly anisotropic and diffusion in the ab-plane is very slow [202, 203] . Anatase TiO 2 has far more facile Li insertion therefore is more electrochemically active [204] . It reversibly uptakes 0.5 Li and proceeds through a two-phase equilibrium, hence the voltage profile is characterized by a flat voltage plateau at about 1.8 V versus Li/Li þ [205, 206] . Conformal deposition of TiO 2 can be carried out using atomic layer deposition [37, 207] .
Electrolytes
Electrolyte systems are generally categorized into liquid electrolytes and solid electrolytes by the physical state at ambient condition. Liquid electrolyte refers to systems where lithium salts are dissolved in liquid organic (non-aqueous) solvents or aqueous solvents. It is still the most common electrolyte system in commercial LIBs. In many reports of microbatteries with nanostructured or 3D electrodes, liquid electrolytes are adopted since the focus is the design and electrochemical properties of a single electrode (half-cell). However, the use of solid electrolytes becomes more suitable as the dimensions (size) shrink. Compared to liquid electrolytes, solid electrolytes generally have greater dimensional stability, no leakage issues, and better thermal and electrochemical stability. Deposition of solid electrolytes enables the construction of all-solid-state microbatteries with complex architectures. Solid electrolytes can be further categorized into inorganic/ ceramic electrolytes and polymer-based solid electrolytes. Relevant inorganic electrolyte systems include sulfides and oxides. As they are mostly rigid, the main application is in thin-film batteries [208] . , meaning it is stable in contact with metallic lithium. Lipon is widely applied in commercial thinfilm microbatteries due to its combination of favorable traits.
Polymer-based solid electrolytes fall into two families, the solid polymer electrolytes (SPE) and gel polymer electrolytes (GPE). They are mechanically more flexible than inorganic electrolytes, hence ideal for constructing flexible batteries. SPE are complexes formed by solvation of Li salts in polymer chains. Poly(ethylene oxide) (PEO) is the most commonly used polymer and possesses a great ability to dissolve various lithium salts. No liquid components are present in this system so it is inherently safe. However, the ionic conductivity is fairly low (10 À8 to 10 À4 S cm À1 ) [209] . Adding nanoscale ceramic fillers has been proven beneficial to the conduction as well as mechanical properties. Conduction in SPE was initially regarded viable only in its glassy state, but the discovery of fast conduction in crystalline SPE discredited the assumption [210, 211] . Use of SPE as solid electrolytes and separator layers in microbatteries has been successfully demonstrated [51, 212] . GPE are composites of a liquid electrolyte solution and polymer matrix. Due to the presence of liquid electrolytes, the ionic conductivity of the system (>10 À3 S cm
À1
) is much greater than other solid systems, only inferior to the liquid electrolytes. However, it also means the issues with liquid electrolytes (leakage, safety concern, degradation, etc.) still exist in GPE, only to a lesser extent. Common polymer matrix and electrolyte solutions are poly(vinylidene fluoride-hexafluoropropylene) (PVdF-HFP) and LiPF 6 dissolved in ethylene carbonate, propylene carbonate (EC-PC). Both SPE and GPE can be prepared by conventional casting methods. Alternatively, they can also be prepared by electropolymerization where conformal coating of thin polymer electrolyte layers can be achieved with high precision [47, 213] . Recently, in-situ preparation of UV-curable polymer electrolyte has gained popularity [50, 214, 215] .
Review of recent novel concepts and designs of lithiumbased microbatteries

High-performance primary microbatteries
Acoustic micro transmitters are the key components in the JSATS [216] which is developed to observe and better understand the behavior of juvenile salmon passing through dams [217] . The operation conditions of micro transmitters require their energy storage devices to possess high capacity while supply high current pulses when needed. Two button cells SR416 adopted in the old design were heavy and bulky. To increase the specific capacity, a custom-made primary microbattery (MB306) employing the lithium/carbon fluoride (Li/CF x ) chemistry was designed by PNNL scientists (Fig. 8a) . Carbon fluorides have the highest theoretical energy density but suffer from poor electronic conductivity and hence large polarization at a high rate. In order to decrease the internal resistance, the laminated cathode was pressed onto aluminum mesh which allows high loading; the jellyroll design was adopted, which greatly increased the total electrode area as compared to its button cell predecessor (SR416). As a result, the resistance associated with the electrode, electrolyte and current collectors of Li/CF x batteries was much lower than that of SR416 cells and stable within the whole temperature range. The pulse current test (Fig. 8b) showed that the peak intensity of MB306 cells dropped by about 15% when temperature changes from 25 C to 0 C whereas a 50% drop was seen for SR416 cells. Most importantly, MB306 cells are much lighter and smaller than SR416 cells, allowing the transmitters to be injected. When tested using real JSATS transmitters at room temperature, MB306 powered transmitters have a longer service life than SR416 powered transmitters, thanks to the much improved energy density. This technology may have a big potential market as the flexible cell design allows scaling and downsizing for other applications including sensor packages and medical micro devices.
3D printed microbatteries
3D printing technology has attracted more and more attention, especially after the printers became commercially available in recent years. 3D solid objects of any desired shape can be produced which makes 3D printing a low-cost and flexible tool for producing 3D microbatteries as compared to other processes such as deposition and lithographic masking/etching. Sun et al. recently constructed working 3D printed microbatteries (3D-IMA) which have exceptionally high areal energy density and power density [34] .
The batteries are based on LiFePO 4 (LFP)/Li 4 Ti 5 O 12 (LTO) chemistry. LTO is a well know zero strain anode and LFP has a relatively small volume variation of 2.2% during cycling. A key to the successful fabrication is optimizing the composition and rheological properties of the cathode and anode inks so they can flow smoothly through the 30 mm cylindrical nozzle while maintaining good adhesion and structural integrity. The inks are printed onto an interdigitated substrate layer by layer to achieve an aspect ratio of about 0.8 (height over width). A final heating step at 600 C removes organic and sinters the nanoparticles. SEM analysis (Fig. 9a) shows that the layers are well bonded and the annealed electrodes are have sufficient porosity for electrolyte penetration.
The electrochemical properties of the printed 8-layer and 16-layer 3D-IMA were investigated. High rate tests suggest that the kinetics of the reaction is constrained by the height of the electrodes due to the poor electronic conduction of both cathode materials. In the full cell configuration, the 8-layer LTO-LFP battery delivers~1.5 mAh cm À2 at a stable working voltage of 1.8 V when discharged at 1C (Fig. 9b ) and exhibits about 10% capacity decay in 30 cycles (Fig. 9c) . The authors attribute the good performance to the combination of high aspect ratio and small transport length. This 3D printing approach is easily transferable to other chemistries which may further increase the energy and power densities.
3D microbatteries with interdigitated nanoporous electrodes
3D microbatteries face difficulty of packing high volume of electrode materials on a small scale without losing their power density. Pikul et al. designed a 3D microbattery from interdigitated bicontinuous nanoporous electrodes [36] . The battery has extremely high power density of 7.4 mW cm À2 mm
À1
, comparable to supercapacitors, while maintaining similar energy densities to other microbatteries. Fig. 10 illustrates the construction procedure of the microbattery. Firstly, a polystyrene scaffold was self-assembled on a glass substrate with interdigitated gold template and sintered to achieve the desired interconnected size. Porous nickel scaffolds with pore sizes of 330 or 500 nm were then electrodeposited to act as current collectors. The polystyrene scaffold was subsequently removed by toluene. The NieSn anode and LiMnO 2 cathode were electrodeposited onto nickel scaffolds sequentially. The electrodeposition ensures conformal coating of 17e90 nm thick active materials onto porous current collector scaffolds. This electrode design provides short electron and ion transport lengths while still packing a high volume of active materials. The battery retains 28% of its low-rate capacity at a nearly 1000C rate, impressively. However, the battery loses about 5% of its energy after each cycle at a 1C rate, indicating much room for improvement. The authors attributed the capacity loss to SEI formation.
Shape-conformable polymer electrolytes for 3D microbatteries
High power density and design flexibility can be achieved by 3D designs. Moreover, large volume expansion of high-capacity anode materials can be accommodated. However, fabrication of 3D electrodes faces challenges of preventing shorting between electrodes when liquid electrolytes are used. Kil et al. designed a shape conformable, flexible and imprintable gel polymer electrolyte and demonstrated its application for 3D electrodes [50] . The gel polymer electrolyte (GPE) is composed of UV curable ethoxylated trimethylolpropane triacrylate (ETPTA) monomers, high-boiling point liquid electrolytes and Al 2 O 3 nanoparticles. The viscosity of the electrolyte is adjusted by the content of Al 2 O 3 nanoparticles so no dripping occurs after printed and vertically tilted. This property ensures conformability on 3D electrodes. After the electrolyte was imprinted, a UV curing step was applied to promote cross-linking of the polymer matrix and to solidify the GPE (Fig. 11) . The ionic conductivity of the GPE was measured to be more than 1 mS cm À1 at room temperature. Cells with LiCoO 2 cathode/GPE/Li anode showed high capacity and negligible capacity loss during cycling. In another cell, the conformable GPE was successfully formed on a 3D pillar structured Si anode. The initial charge capacity was 2680 mAh g À1 but the capacity faded quickly during cycling. In comparison, no meaningful capacity was observed for cells using Fig. 11 . Fabrication of UV-curable, shape-conformable gel polymer electrolyte. Reprinted with permission from Ref. [50] . non-optimized electrolyte, indicating the crucial role of GPE in enabling 3D Si anodes. This technology could be useful for the design of 3D microbatteries.
Bendable thin-film batteries via a novel transfer approach
Traditionally, thin-film, all-solid-state batteries are rigid since the layers of battery components are deposited on silicon or metal substrates. The crystallinity of electrode materials is crucial for the cell performance so high-temperature processes or post-annealing steps are required which makes the use of flexible plastic substrate improbable. Lee et al. developed a novel transfer approach with which bendable thin-film batteries were constructed [54] .
The construction (Fig. 12 ) started with standard deposition procedure of LiCoO 2 /Lipon/Li thin-film batteries on a brittle mica substrate. This type of thin-film battery was developed in the 1990s and proven extremely stable during cycling. Subsequently, the mica substrate was delaminated using a sticky tape. The success of the delamination step is attributed to the weakly-bonded layered structure of mica and further weakening of the bonding through annealing. The cell stacks were then sandwiched between two PDMS sheets to enhance the mechanical stability. The mechanical flexibility was tested and the effect of bending was evaluated by electrochemical testing. No damages were observed on the 18 mm Â 18 mm electrode with a bending radius of 3.1 mm. The discharge capacity slightly decreased under bending conditions which can be explained by the positive relationship of charge transfer resistance and internal stresses. Nevertheless, the flexible cell with a bending radius of 3.1 mm has a capacity retention of 94.5% and nearly 100% Columbic efficiency after 100 cycles at a C/2 rate. The authors attributed the excellent mechanical robustness to the fact that the electrochemically active layers are located at a mechanically neutral plane. A prototype of all-in-one, fully-functional flexible LED system was fabricated for the first time demonstrating the practical use of the bendable batteries in flexible electronics.
Cable batteries
Conventional Li batteries with layered architecture cannot withstand external mechanical distortion so the shape of batteries is a limiting factor to the design of portable electronic devices. The rapid growth of flexible electronics such as OLED displays and wearable devices demands greater flexibility in their power sources. Recently, a cable-type lithium ion battery was developed by LG Chem, Ltd., which can sustain normal operation under bending or twisting conditions [56] .
The fabrication procedure is shown in Fig. 13 . Firstly, three strands of SneNi-coated Cu wire were twisted together into bundles, which were then wound around a circular rod. The hollowhelix anode was formed by removing the rod. Separators, Al wires and LiCoO 2 positive electrodes were then wound around the anode and sealed by heating a heat-shrinkable tube. Finally, a liquid electrolyte was injected into the hollow space between electrodes. The whole cell has an outer diameter of about 2 mm and design capacity of 1 mAh cm
À1
. Three main design features give rise to the mechanical flexibility of the cell. 1) A flexible SneNi alloy anode was selected and 5 wt. % Ni was employed as a result of tradeoffs between flexibility and cyclability. 2) The hollow-helix anode has a spring-like structure, which prevents shorting even under extreme Fig. 13 . Cable battery fabrication process. Reprinted with permission from Ref. [56] . deformation.
3) The heat-shrinkable tubes tightly constraints the cathodes and prevents crumbling of active materials and separation from current collectors.
Electrochemical tests showed that the cable battery delivered the designed capacity and had stable capacity retention at a C/10 rate. In comparison, the cell with a non-hollow anode had a much smaller capacity. This indicates that the hollow design greatly improves the accessibility of liquid electrolytes to active materials. The battery successfully supplies power to a LED screen under severe bending conditions with only a small variation of discharge characteristic observed. However, it was mentioned that there was a slight loss of capacity under bending and further mechanical testing such as fatigue behavior needs to be carried out to evaluate its effect on the electrochemical performance.
Concluding remarks and future perspectives
Lithium and lithium ion batteries are adopted in an extensive range of applications. The continuous downscaling of microelectronics, especially the rapid growth of MEMS devices, has created a large demand for high-performance energy storage devices on the millimeter scale or less. Microbatteries differ greatly from conventional cells regarding the architecture and material selections. The planar design adopted by traditional microbatteries limits areal power and energy densities. Research on lithium microbatteries has focused on innovative fabrication methods and novel cell designs in order to utilize the out-of-plane space and enhance areal power and energy densities. 3D Concepts such as electrodes with arrays of microrods synthesized by templating method and interdigitated electrodes have been proposed. There also has been a surge of interest in flexible (mechanically) design recently. The realization of these new concepts requires the identification of innovative packaging materials and appropriate selection of materials and fabrication methods. The future directions of microbattery development are towards further enhancement of energy/ power densities and applications in micro energy harvesting.
